We find that the relative contribution of satellite galaxies accreted at high redshift to the stellar population of the Milky Way's smooth halo increases with distance, becoming observable relative to the classical smooth halo about 15 kpc from the Galactic center. In particular, we determine lineof-sight-averaged [Fe/H] and [α/Fe] in the metal-poor main-sequence turnoff (MPMSTO) population along every Sloan Extension for Galactic Understanding and Exploration (SEGUE) spectroscopic line of sight. Restricting our sample to those lines of sight along which we do not detect elements of cold halo substructure (ECHOS), we compile the largest spectroscopic sample of stars in the smooth component of the halo ever observed in situ beyond 10 kpc. We find significant spatial autocorrelation in [Fe/H] in the MPMSTO population in the distant half of our sample beyond about 15 kpc from the Galactic center. Inside of 15 kpc however, we find no significant spatial autocorrelation in [Fe/H]. At the same time, we perform SEGUE-like observations of N -body simulations of Milky Way analog formation. While we find that halos formed entirely by accreted satellite galaxies provide a poor match to our observations of the halo within 15 kpc of the Galactic center, we do observe spatial autocorrelation in [Fe/H] in the simulations at larger distances. This observation is an example of statistical chemical tagging and indicates that spatial autocorrelation in metallicity is a generic feature of stellar halos formed from accreted satellite galaxies.
INTRODUCTION
The smooth (or classical) halo of the Milky Way is the subset of the larger halo population that is not in identified substructure that stands out in some way from the local background, either photometrically, kinematically, or chemically. These halo substructures have been discovered in star counts, kinematic measurements, and chemical abundances (e.g., Totten & Irwin 1998; Totten et al. 2000; Ivezić et al. 2000; Yanny et al. 2000; Odenkirchen et al. 2001; Vivas et al. 2001; Gilmore et al. 2002; Newberg et al. 2002; Rockosi et al. 2002; Majewski et al. 2003; Yanny et al. 2003; Rocha-Pinto et al. 2004; Duffau et al. 2006; Belokurov et al. 2006a,b; Grillmair & Dionatos 2006; Grillmair & Johnson 2006; Belokurov et al. 2007; Sesar et al. 2007; Bell et al. 2008; Jurić et al. 2008; Grillmair 2009; Watkins et al. 2009; de Jong et al. 2010; Majewski et al. 1996; Chiba & Yoshii 1998; Helmi et al. 1999; Chiba & Beers 2000; Kepley et al. 2007; Ivezić et al. 2008; Klement et al. 2008; Seabroke et al. 2008; Klement et al. 2009; Schlaufman et al. 2009; Smith et al. 2009; Starkenburg et al. 2009; Ivezić et al. 2008; An et al. 2009; Schlaufman et al. 2011; Carollo et al. 2012) . Despite the large number of substructure detections, the majority of the stellar content of the halo within 20 kpc of the Galactic center is both expected theoretically (e.g., Maciejewski et al. 2011 ) and observed (e.g., Bell et al. 2008; Schlaufman et al. 2009 ) to be in a kinematically smooth population.
While observations of the halo stellar population suggest that the fraction of the halo in substructure increases with Galactocentric radius (e.g., Bell et al. 2008; Schlaufman et al. 2009; Xue et al. 2011) , the fractions of the smooth halo stellar population formed in situ, accreted in the major mergers that formed the bulk of the halo, or accreted in subsequent satellite galaxy minor mergers are observationally unconstrained. The ratio of in situ star formation to accretion and its dependence on distance from the Galactic center may be related to the accretion history of Milky Way analog halos (e.g., Zolotov et al. 2009 Zolotov et al. , 2010 Helmi et al. 2011; Font et al. 2011) , and the expectation from simulations is that the contribution of the accreted component likely increases with distance (e.g., Zolotov et al. 2009 Zolotov et al. , 2010 Font et al. 2011) .
The stellar population in the classical smooth halo seems to be kinematically smooth on large scales and has three other main properties: (1) it is old, (2) its [Fe/H] distribution peaks at [Fe/H] ∼ −1.6 with full width at half maximum 1 dex, and (3) it is enhanced in the α-elements O, Mg, Si, Ca, and Ti relative to iron (e.g., Ryan & Norris 1991a,b; McWilliam et al. 1995; Allende Prieto et al. 2006; Schlaufman et al. 2009 ). Robertson et al. (2005) explained the age, metallicity, α-enhancement, and kinematic structure of the smooth component of the halo in the context of the ΛCDM model of galaxy formation with the accretion of massive M tot ∼ 5 × 10 10 M ⊙ halos ∼10 Gyr in the past. The high mass and short timescale for star formation in such massive progenitors of the smooth halo are consistent with the observed chemistry. In a suite of six simulations of Milky Way analog halos, Cooper et al. (2010) also found that halos acquire the bulk of their mass from fewer than five significant contributors. The Robertson et al. (2005) and Cooper et al. (2010) scenario naturally explains the low [Fe/H] and high [α/Fe] in the halo. On the other hand, the halo abundance pattern is in contrast to the composition of the (surviving) classical dwarf spheroidal (dSph) galaxies, which at the average [Fe/H] of the smooth halo have [α/Fe] closer to solar (e.g., Mateo 1998; Kirby et al. 2010 Kirby et al. , 2011a .
In the first paper in this series (Schlaufman et al. 2009 , S09 hereafter), we described the results of a systematic, statistical search for elements of kinematically-cold halo substructure (ECHOS) in the inner halo metal-poor main-sequence turnoff (MPMSTO) population. One byproduct of the search for ECHOS detailed in S09 is a catalog of MPMSTO stars more than 4 kpc from the Galactic plane, more than 10 kpc from the center of the Galaxy, within 17.5 kpc of the Sun, and free of both surface-brightness and radial-velocity substructure. We subsequently refer to this sample as the pure smooth halo sample. Though there is likely still very diffuse substructure in the catalog, it has been cleaned of substructure to the greatest extent possible using existing data. In the second paper in this series (Schlaufman et al. 2011 , S11 hereafter), we analyzed co-added MPMSTO spectra to derive the average [Fe/H] and [α/Fe] for ECHOS and for the smooth component of the halo along the same line of sight as each ECHOS. We found that the MPMSTO stars in ECHOS were systematically more metal rich and less [α/Fe] enhanced than the MPMSTO stars in the smooth component of the halo. We concluded that the chemical abundance pattern of ECHOS was best matched by a massive dSph galaxy with M tot 10 9 M ⊙ . In this third paper of the series, we quantify the degree of spatial chemical inhomogeneity and spatial variation in chemical abundance in the smooth component of the halo, using the substructure-cleaned sample of MPM-STO stars produced in S09 and the chemical abundance technique developed in S11. We also investigate the dependence of these properties on distance from the Galactic center.
This concept is analogous to the idea of chemical tagging employed in the solar neighborhood. Stars formed within the same star forming region have very similar abundances (e.g., De Silva et al. 2006 , 2007a Bubar & King 2010; Pompéia et al. 2011) , and this similarity has led to the use of chemical tagging in concert with kinematic information to identify groups of stars in the solar neighborhood with a common origin. The chemical homogeneity of stars formed in the same star forming region may be generic (e.g., Bland-Hawthorn et al. 2010) . Likewise, many halo substructures are chemically distinct from the kinematically smooth halo stellar population (e.g., Ivezić et al. 2008; An et al. 2009; Schlaufman et al. 2011) .
To illustrate further, consider the following thought experiment. Imagine that a Milky Way analog halo can be formed entirely in one of two ways: (1) a scenario in which the smooth stellar halo formed in a few dissipative major mergers (in which violent relaxation may also have been important) and (2) a scenario in which the smooth stellar halo formed by the accretion and tidal disruption of satellite galaxies (in which diffusion processes are negligible). These two limiting cases are vastly simplified and cannot accurately reproduce the observed properties of the Milky Way. Nevertheless, they are illustrative of two opposite, extreme models of halo formation.
In the stellar halo formed entirely in a few dissipative major mergers, the resultant stellar population should be very well mixed. Consequently, an observer measuring metallicity along many lines of sight closely spaced on the sky and in the same distance range throughout the halo would find that lines of sight that are closely spaced are no more likely to have similar chemical abundances than lines of sight that are widely separated.
In the stellar halo formed entirely by the accretion and tidal disruption of satellite galaxies, an observer measuring metallicity along many lines of sight and in the same distance range throughout the halo would find that lines of sight that are close together on the sky are also likely to be close together in metallicity. This effect arises simply because lines of sight that are close together on the sky in a small range of distance are more likely to sample the stellar debris of only a few recently disrupted satellite galaxies. On the other hand, lines of sight that are widely separated on the sky would be very unlikely to sample the debris of the same accreted galaxy. As a result of this effect, the observer would see spatially-correlated metallicities in the halo.
We measure the degree of spatial chemical inhomogeneity and spatial variation in chemical abundance in the smooth component of the halo to differentiate between these two possibilities as a function of distance from the Galactic center. This paper is organized as follows: in Section 2 we define the data we use in this analysis. In Section 3, we describe how we determine lineof-sight average metallicities in the kinematically smooth halo. We also report how we quantify the degree of spatial autocorrelation in the halo of the Milky Way and in halos of simulated Milky Way analogs. In Section 4, we discuss the implications of our findings for the formation of the Milky Way. We summarize our conclusions in Section 5.
DATA
The Sloan Extension for Galactic Understanding and Exploration (SEGUE) survey observed approximately 240,000 Milky Way stars with apparent magnitudes in the range 14 < g < 20.3 with the fiber-fed Sloan Digital Sky Survey (SDSS) spectrograph at moderate resolution. Spectroscopic targets were selected from the combined 11,663 deg 2 ugriz photometric footprint of the SDSS and SEGUE. The SDSS telescope and spectrograph obtain R ≈ 1800 spectra between 3800 A and 9000Å. The SEGUE data processing pipelines, survey strategy, and radial velocity and atmospheric parameter accuracies are described in Yanny et al. (2009) , Lee et al. (2008a ), Allende Prieto et al. (2008 , Smolinski et al. (2011) , and the SDSS-II DR7 paper (Abazajian et al. 2009 ).
The SDSS survey and its instrumentation are described in detail in Fukugita et al. (1996) , Gunn et al. (1998) , York et al. (2000) , Hogg et al. (2001) , Smith et al. (2002) , Pier et al. (2003) , Ivezić et al. (2004) , Gunn et al. (2006) , Tucker et al. (2006) , and Padmanabhan et al. (2008) . In S09, we described the results of a systematic, statistical search for ECHOS in the inner halo MPMSTO population. We defined the inner halo as the volume more than 10 kpc from the Galactic center, within 17.5 kpc of the Sun, and more than 4 kpc from the Galactic plane. While we did find statistically significant evidence of substructure along 19 of 137 7 deg 2 lines of sight that we searched, on average we found no reason to reject a kinematically smooth model for the MPMSTO population in that volume.
In this paper, we examine the MPMSTO population along those 118 7 deg 2 lines of sight where there is no significant surface-brightness substructure and for which we found no significant radial-velocity substructure in S09. This results in a sample of 9,005 MPMSTO stars in the same volume with both photometric and spectroscopic data. These MPMSTO stars have both the g − r color and significant UV excess expected for the main-sequence turnoff of a metal-poor population (for a detailed description of the MPMSTO sample see Section 2 of S09). Given the magnitude limits of the SEGUE survey, the MPMSTO sample was selected because MPMSTO stars are the highest-density tracer of the inner halo. At the mean g − r color and metallicity of our sample, SEGUE radial velocities are precise to 5 km s −1 at g = 18 and 20 km s −1 at g = 20.3. This sample is the largest spectroscopic sample of halo stars in the smooth component beyond 10 Galactocentric kpc ever assembled. To the extent possible with current data, it has been cleaned of both surface-brightness and radial-velocity substructure. As such, it allows for an unprecedented analysis of the chemical properties of the classical smooth halo. We plot in Figure 1 the spatial distribution of lines of sight populated by MPMSTO stars in the pure smooth halo population.
ANALYSIS
For each SEGUE line of sight in our pure smooth halo sample described in Section 2, we compute the average [Fe/H] 9 and [α/Fe] of the MPMSTO population along that line of sight as a function of distance from the Galactic center. We subdivide our sample into nearby and distant subsamples and compare the average [Fe/H] and [α/Fe] in these subsamples to investigate the effect of distance from the Galactic center on the chemical properties of the smooth halo. We quantify the inhomogeneity and spatial variation in average chemical abundances by measuring the spatial autocorrelation of the line-of-sight-averaged chemical abundances. To better understand our observed result for the Milky Way, we perform SEGUE-like observations of both the suite of halos and the Via Lactea 2 halo (e.g., Diemand et al. 2008; Madau et al. 2008; Zemp et al. 2009; Rashkov et al. 2011 ) to determine the degree of spatial chemical inhomogeneity and spatial variation in chemical abundance present in Nbody simulations of Milky Way analog halos.
Line of Sight Averaged Chemical Abundances
For each MPMSTO star in the pure smooth halo sample described in Section 2, we use the M 13 fiducial sequence from An et al. (2008) to very roughly estimate its distance from the center of the Galaxy based on its g − r color and apparent r-band magnitude (assuming that the Sun is 8 kpc from the center of the Galaxy).
In order to quantify the spatial variation in chemical abundance in the smooth halo (and their dependence on distance from the Galactic center), we subdivide our sample into nearby and distant subsamples. The halo stellar population may change gradually with distance, and our division into nearby and distant regions can only crudely capture such a change. However, by splitting the halo coarsely into nearby and distant regions, we can compute an average value for [Fe/H] and [α/Fe] in two volumes along each line of sight. We can then vary the distance at which the larger sample is split into the nearby and distant subsample in order to explore how the average stellar population varies from line of sight to line of sight at constant distance from the Galactic center, and how the amplitude and spatial scale of that variation change with distance. We use three different distance thresholds to divide our sample into nearby and distant regions: 12.1, 14.1, and 16.8 kpc. These are the quartiles of the estimated Galactocentric distance distribution of our sample. For each line of sight, the result is six overlapping subsamples in distance from the Galactic center.
We use the spectral co-addition technique summarized in Appendix A and described in detail in S11. For each subsample and line of sight, we create the "average" MPMSTO spectrum for that subsample and line of sight by creating a single co-added spectrum from the MPM-STO spectra in that subsample and line of sight. Coaddition is necessary in this situation because the apparent faintness of the MPMSTO stars in our distant subsamples results in spectral S/N per pixel in individual spectra that are not high enough to obtain precise and accurate stellar parameters from the SEGUE Stellar Parameter Pipeline (SSPP; Lee et al. 2008a Lee et al. ,b, 2011 Allende Prieto et al. 2008; Smolinski et al. 2011) . We use the [Fe/H] and [α/Fe] reported by the SSPP. In both cases, the Fe abundance calculated is an overall metallicity, not just the abundance of iron.
We verified the accuracy and precision of the coaddition procedure using both MPMSTO stars observed by SEGUE in the globular clusters M 13 and M 15 and SEGUE observations of field MPMSTO stars with stellar parameters derived from subsequent high-resolution spectroscopy. The mean square error (MSE ≡ bias 2 + variance) of our co-added abundance analysis ranges from 0.1 dex in [Fe/H] Edvardsson et al. 1993; Nissen & Schuster 1997; Hanson et al. 1998; Fulbright 2000; Prochaska et al. 2000; Stephens & Boesgaard 2002; Bensby et al. 2003; Reddy et al. 2003; Venn et al. 2004) .
Farther from the Galactic center, the halo has a nonnegligible dSph-like component with [Fe/H] ≈ −1.0 and [α/Fe] ≈ 0.1 (e.g., Kirby et al. 2010 Kirby et al. , 2011a . This component is found preferentially at |b| 30
• , indicating a possible association with the low-latitude substructure first identified in Monoceros (e.g., Newberg et al. 2002; Belokurov et al. 2006b; Jurić et al. 2008; Ivezić et al. 2008; Schlaufman et al. 2011 ) and perhaps with the disk of the Milky Way. The chemical abundances we find in the smooth halo at low Galactic latitude are very similar to the chemical abundances we derived in S11 for this low-latitude substructure. This low-latitude substructure is not apparent in [α/Fe] alone, as the precision of our measurements is much worse in [α/Fe] than for [Fe/H] . The observation of this chemical abundance pattern exclusively at low Galactic latitude indicates that it may be related to satellite-induced disk flaring (e.g., Kazantzidis et al. 2008 Kazantzidis et al. , 2009 Purcell et al. 2010 Purcell et al. , 2011 . Table 3 provides the mean [Fe/H] of the smooth halo in each Galactocentric distance slice, both in the entire sample and only for lines of sight with |b| > 30
• . From both our current data and our analysis in S11, we have reason to believe that the known substructure at low Galactic latitude is metal rich and quite prominent at the largest Galactocentric distances probed by our MPMSTO sample. For that reason, we focus on the mean [Fe/H] above |b| = 30
• . In that case, there are no instances in which mean [Fe/H] Figure 3 are consistent with a majority population with mean near [Fe/H] = −1.6, in agreement with the measurements of Ryan & Norris (1991a,b) plus an additional population of more metalrich stars. The selection bias in our sample is too mild for the true population means to be significantly more metal rich than about [Fe/H] = −1.5.
Simulated Observation of Theoretical Models

Theoretical Models Used
We simulate SEGUE-like observations of the suite of halos as well as the Via Lactea 2 halo. The simulations used a "hybrid" approach in which they modeled accretion events onto a Milky Way-like galaxy with N -body particles while modeling the rest of the galaxy with a smoothly evolving spherical potential and an analytic approximation for dynamical friction. They neglected both interactions between particles and the gravitational response of the rest of the galaxy to those particles. They selected accretion events from merger trees for each of their 11 M vir = 1.4 × 10 12 M ⊙ galaxies in a universe with Ω m = 0.3, Ω Λ = 0.7, Ω b h 2 = 0.024, h = 0.7, and σ 8 = 0.9. They populated the dark matter halos they simulated with star particles using a simple star formation law and initialized their orbital planes with random orientations. To maximize the computational efficiency of their simulations, they only simulated accretion events with significant stellar content. This approximation resulted in a satellite mass floor of M vir ∼ 10 8 M ⊙ . Given their lack of a self-consistent potential, the models are less able to accurately track the dynamical evolution of debris accreted before its host galaxy's last major merger. The inner halo is preferentially formed from ancient accretion events, so the parametric potentials used in the models may not accurately reproduce the phase-space properties of the inner halo within 20 kpc. The models are further described in Robertson et al. (2005) and Font et al. (2006a,b) .
The Via Lactea 2 dark matter halo Madau et al. 2008; Zemp et al. 2009; Rashkov et al. 2011 ) was simulated using the parallel tree N -body code PKDGRAV2 in a universe with Ω m = 0.238, Ω Λ = 0.762, h = 0.73, and σ 8 = 0.74. The simulation considered the formation of a halo with M vir = 1.9 × 10 12 M ⊙ at z = 0 resolved with 1.1 × 10 9 particles of mass 4, 100 M ⊙ and gravitational softening length 40 pc. The 1% most tightly bound dark matter particles in each subhalo with M tid > 10 7 M ⊙ at infall were tagged as star particles in post processing. The stellar mass and metallicity of each star particle was assigned based on an empirical model that ensures that the remnant population of dSph surviving to the present day reproduces the observed properties of the Milky Way's satellite galaxies (Rashkov et al. 2011 ). The Via Lactea 2 simulation fully accounts for gravitational interactions between particles and self-consistently determines the growth of the mass of the main halo, so it better tracks ancient accretion events than the models.
Description of Our Simulated Observations
To simulate a SEGUE-like observation of one of the halos or the Via Lactea 2 halo, we first place an observer at 8 kpc from the center of the halo along the x-axis of the simulation. This choice is arbitrary, as there are no stellar disks in either simulation. We consider only those star particles with |z| > 4 kpc that are more than 10 kpc but less than 20 kpc from the center of the halo. We compute the radial velocity and Galactic coordinate of every star particle in that volume as it would be viewed by the observer. For every SEGUE line of sight listed in Tables 1 and 2 , we compute the range of l and b observed in the MPMSTO star population along that line of sight. We use that range of Galactic coordinates to select the star particles from the simulations that would have been observed by SEGUE along that line of sight. As before, we compute the luminosity-weighted mean metallicity of the stars in six distances ranges. In that way, we obtain line-of-sightaveraged metallicities that match the line of sight averaged metallicities observed in the Milky Way's smooth halo and presented in Tables 1 and 2 . One caveat is that the metallicities reported in and Rashkov et al. (2011) are calibrated to match the true iron abundances of dSph galaxies, and not the total metallicities used in this analysis.
In the right-hand panel of Figure 4 , we plot the result of a SEGUE-like observation of halo 10 from .
Though the models lack the gas-rich major mergers at high redshift that Robertson et al. (2005) advocated as the origin of the kinematically smooth halo stellar population, they do illuminate the properties of a stellar halo built entirely from disrupted satellite galaxies. In an effort to better isolate the smooth component of the models, we attempted to find and remove ECHOS from those models. However, there are generally too few star particles to differentiate between substructure and smooth component, and our search produced no results. For that reason, we treat an entire halo from within 20 kpc of the center of the halo as a smooth component. The star particle tagging prescription applied to Via Lactea 2 did not track [α/Fe], so we cannot make the equivalent plot for Via Lactea 2. Figure 4 indicates that the Bullock & Johnston (2005) models are a poor match to our observation of the smooth halo, though there is a hint that they become a better match farther from the Galactic center. In particular, the 1 population we observe in the Milky Way is confined to the region far from the Galactic center and at low Galactic latitude. Indeed, given that our errors in average [Fe/H] are at most 0.2 dex, there is no way to reconcile the left hand panels of both plots in Figure 4 with measurement error alone. If the low-latitude dSph-like composition we observe in the smooth halo at large radius and low Galactic latitude is somehow related to the stellar disk of the Milky Way, then it is unreasonable to expect it to be reproduced by the Figure 4 is common to all 11 halos. We plot the metallicity distributions of both halo 10 from and the Via Lactea 2 halo in Figure 6 . The strongly-peaked metallicity distribution we observe in the inner 20 kpc of the Via Lactea 2 halo is the result of two massive satellites accreted at high redshift. These two satellites contributed 80% of the stellar mass in that volume and had Figure 4 does not reveal whether lines of sight that are close together on the sky also have similar metallicities. As we described in Section 1, a halo that was formed in a dissipative process will not have the property that lines of sight that are close together on the sky also have similar metallicities. On the other hand, a halo that was formed from disrupted satellite galaxies will have the property that lines of sight that are close together on the sky also have similar metallicities.
To determine whether lines of sight that are close together on the sky also have similar metallicities, we use Moran's I statistic (Moran 1950) to quantify the spatial autocorrelation of the chemical abundances:
In Equation 1, n is the number of lines of sight, x i is average metallicity inferred for a given line of sight, X is the mean metallicity of the sample, and w i,j is the spatial weight. In this case, each w i,j is the inverse of the angular distance between line of sight i and line of sight j. The expected value and variance of Moran's I under the null hypothesis of no spatial variation are (e.g., Cliff & Ord 1981; Waller & Gotway 2004 ):
where
Positive values of Moran's I statistic indicate positive spatial autocorrelation, while negative values indicate negative spatial autocorrelation. In other words, if lines of sight that are close together on the sky are significantly more likely to have similar metallicities than expected based on chance, then Moran's I statistic will be significantly positive. Though Moran's I statistic gives a good indication of the existence of spatial autocorrelation in data, it does not indicate the angular scale at which spatial autocorrelation is strongest. To constrain the spatial scale of autocorrelation, we define the statistic Θ A,i :
where x i and x j are the average metallicity inferred for the lines of sight indexed by i and j, A is the set of lines of sight within a given angular scale of x i , and m is the number of lines of sight in A.
For each line of sight in Tables 1 and 2 , we compute Θ A,i at each of ten angular scales 10
• , 20 • , . . . , 100
• . To estimate both Θ A and our uncertainty in Θ A at each angular scale, we use a Monte Carlo simulation. Instead of using the set A of all lines of sight within a given angular scale of the line of sight denoted by x i , we create a bootstrap set A ′ by sampling with replacement m lines of sight from all m available in A. We compute Θ A ′ ,i in this way 100 times for each line of sight and each angular scale. We then compute the mean E(Θ A ′ ,i ) and variance Var(Θ A ′ ,i ) of Θ A ′ ,i for each line of sight and each angular scale over the 100 bootstrap realizations of A ′ . We then compute E(Θ A ) by averaging E(Θ A ′ ,i ) over all n lines of sight and Var(Θ A ) by averaging Var(Θ A ′ ,i ) over all n lines of sight and dividing by √ n. To determine the distribution of Θ A under the null hypothesis that there is no spatial autocorrelation in the data, we use a second Monte Carlo simulation. We compute Θ as before, though instead of using the set A of all lines of sight within a given angular scale of the line of sight denoted by x i , we randomly sample m lines of sight from all n available regardless of spatial proximity and call this set B ′ . We compute Θ B ′ ,i in this way 100 times for each line of sight and each angular scale. We then compute the mean E(Θ B ′ ,i ) and variance Var(Θ B ′ ,i ) of Θ B,i for each line of sight and each angular scale over the 100 bootstrap realizations of B ′ . We then compute the mean E(Θ B ) and variance Var(Θ B ) under the null hypothesis of no spatial autocorrelation by averaging E(Θ B ′ ,i ) over all n lines of sight and by averaging Var(Θ B ′ ,i ) over all n lines of sight and dividing by √ n. The significance of spatial autocorrelation at a given angular scale is then:
Like Moran's I statistic, positive values of Ω indicate spatial autocorrelation; negative values of Ω indicate spatial dispersion. We report Moran's I statistic for the data in Table 1 in Tables 4 and 5 ; we report the importance of spatial autocorrelation graphically in Figure 7 . We report Moran's I statistic for the halos and Via Lactea 2 in Tables 6 and 7 , respectively; we report the importance of spatial autocorrelation graphically in Figure 8 . We find no significant spatial autocorrelation in [α/Fe], likely because our measurement of that quantity is much less precise than our measurement of [Fe/H] . For that reason, we do not consider [α/Fe] any further. We find that there is significant spatial autocorrelation in [Fe/H] in the Milky Way beyond about 12 kpc from the Galactic center, indicated by the very small pvalues in Table 4 Table 5 and the small values of Ω in the right-hand panel of Figure 7 .
Even at |b| > 30 • (i.e., ignoring the low latitude substructure), there is still significant spatial autocorrelation in [Fe/H] far from the center of the Galaxy in the classical smooth halo −1.8 [Fe/H] −1.5 and [α/Fe]-enhanced population. Given the poor precision of our MPMSTO star distance estimator, our constraint on the distance at which spatial autocorrelation becomes apparent is weak. Nevertheless, the p-values from Moran's I statistic in Table 5 indicate that the effect becomes apparent beyond about 14 kpc but before about 16 kpc. The effect is very strong at the largest distances probed by or MPM-STO star sample. The smallest angular scale that we are sensitive to spatial autocorrelation in [Fe/H] is 10
• . Interestingly, in Figure 7 the statistic Ω peaks between 20
• and 30
• . This is the characteristic angular scale of spatial autocorrelation. At 14 kpc -the median Galactocentric distance of the MPMSTO stars in our sample -that corresponds to a physical scale of approximately 5 kpc. This is much larger than the scale of the disrupted satellite galaxies that contributed the stellar populations that are likely the source of this effect.
After we identified the characteristic angular scale of spatial autocorrelation in metallicity, we went back to the data in Table 1 and computed Moran's I statistic in 30
• windows around each line of sight. While we found that a handful of lines of sight displayed significant spatial autocorrelation in their own local 30
• window, the p-values that resulted from those observations were orders of magnitudes larger than the p-values we computed for the full sample of 118 lines of sight. Many lines of sight display no significant spatial autocorrelation in their own 30
• window. Consequently, the signal of spatial autocorrelation that we observe is not the result of a small number of discrete locations in the sky. Instead, the significant spatial autocorrelation in [Fe/H] we observe is coming from everywhere in the Galactic halo.
We also recomputed Moran's I statistic using the signal to noise-weighted line-of-sight average metallicities created by averaging DR8 SSPP metallicities for all individual stars in the same lines of sight and volumes described in Table 1 . That analysis produced a qualitatively similar result to that described above, albeit at much lower statistical significance.
We do not identify any significant spatial autocorrelation in [Fe/H] in the Milky Way analog halos from in the volume between 10 and 20 kpc from the halo center. This lack of spatial autocorrelation is indicated by the large p-values in Table 6 and small values of Ω in the left-hand panel of Figure 8 . The large p-values and small Ω values we present for halo 10 from are representative of the values we obtain from equivalent observations of the other ten halos presented in . The smoothness of the star-particle distribution near the center of the halo could be physical, or it could be a byproduct of the limitations of the simulations. We do observe significant spatial autocorrelation in the halos beyond 20 Galactocentric kpc though, where the simulations likely model halo formation more accurately.
On the other hand, we do observe significant spatial autocorrelation in [Fe/H] in the Via Lactea 2 halo in the volume between 10 and 20 kpc from the halo center. The significant spatial autocorrelation in [Fe/H] is indicated by the small p-values in Table 7 and large values of Ω in the right-hand panel of Figure 8 . Since we observe significant [Fe/H] spatial autocorrelation in the inner regions of the Via Lactea 2 halo, but little [Fe/H] spatial autocorrelation in the inner regions of any of the 11 halos from , the Via Lactea 2 observation is not likely due to its unique accretion history.
The halos and the Via Lactea 2 halo have similar mass and were simulated using similar cosmological parameters. One small difference between the two simulations is the value of σ 8 , as used σ 8 = 0.9 while Via Lactea 2 used σ 8 = 0.74. While this affects the abundance of Milky Way analog halos, it should not much affect the properties of individual Milky Way analog halos (e.g., Font et al. 2011) . As a result, the two simulations should not have statistically disparate accretion histories. For that reason, the fact that we do not observe significant spatial autocorrelation in [Fe/H] in the inner regions of any of the 11 halos presented in , but do observe the effect in the inner region of the Via Lactea 2 halo, indicates that the discrepancy is not likely to result from differences in halo merger history.
The observed differences between the two calculations may be a result of the higher resolution and cosmologically self-consistent potential of the more modern Via Lactea 2 simulation. Another hypothesis is that accretion along a filament in the Via Lactea 2 halo produced the observed spatial autocorrelation, as the orbital planes of infalling satellites in the models were chosen randomly and independently. The simulations necessary to verify the latter speculative hypothesis would be very computational intensive, and therefore are beyond the scope of this analysis.
DISCUSSION
We have three observations that a complete theoretical model for the formation of the inner halo must reproduce: (1) the halo metallicity distribution, (2) have not yet been shown capable of reproducing (1) and (2).
As described in Section 3.3, we do not observe significant spatial coherence in [Fe/H] in the halo of Milky Way inside of 15 kpc. This observation is consistent with both a smooth halo formed through a combination of in situ star formation and dissipative major mergers at high redshift and a smooth halo formed through the phase mixing of the debris of disrupted satellite galaxies. However, the halos also simulate the chemical abundance structure of a halo built entirely from accreted galaxies. As we observed in Figures 4-6 , the overall metallicity of such halos are incompatible with the overall metallicity of the halo of the Milky Way. As a result, our observation of the chemical structure and spatial autocorrelation in [Fe/H] in the smooth halo supports the idea of in situ star formation and dissipative major mergers at high redshift as the origin of the smooth halo (e.g., Robertson et al. 2005; Zolotov et al. 2009 Zolotov et al. , 2010 Font et al. 2011; Tissera et al. 2012; McCarthy et al. 2011) .
We observe significant spatial autocorrelation in [Fe/H] in the halo of Milky Way exterior to about 15 Galactocentric kpc. The spatial autocorrelation is a global property of the entire halo beyond 15 kpc, and it cannot be simply associated with a few locations on the sky. These observations favor a halo model in which the relative contribution of accreted galaxies to the stellar population of the halo increases with radius, becoming observable in our data relative to the smooth halo population at about 15 kpc.
The dominance of the classical smooth halo close to the center of the Galaxy does not mean that disrupted satellite galaxies have not contributed to the halo stellar population at small distance. The most massive galaxies accreted by the Milky Way will quickly spiral into the center of the halo due to dynamical friction and deposit most of their stars in the inner halo. The chemical abundances of the recently accreted stars in the inner halo indicate that they were likely formed in the most massive of the satellite galaxies recently accreted by the Milky Way (e.g., Font et al. 2006b; Schlaufman et al. 2011) . Consequently, there is likely a substantial number of accreted stars close to the Galactic center. However, the classical smooth component of the halo peaks close to the Galactic center too, dominating the component of the halo from tidally-disrupted satellite galaxies.
Though the densities of both the classical smooth halo and its tidally-disrupted satellite galaxy counterpart decrease with distance, our observation that there is significant spatial autocorrelation in [Fe/H] far from the center of the Galaxy indicates that the classical smooth component decreases more quickly with distance than the tidally-disrupted satellite galaxy component. Our conclusion is that 15 kpc from the center of the Galaxy is the approximate radius at which the accreted halo becomes non-negligible in comparison to the halo component formed in a combination of in situ star formation and dissipative major mergers at high redshift. While our observation of spatial autocorrelation in [Fe/H] indicates that the contribution of accretion to the smooth component becomes important at about 15 kpc from the Galactic center, it is difficult to quantify. In S09, we found that about 30% of the inner halo volume has 10% of its MPMSTO population in diffuse ECHOS. We speculate that this diffuse ECHOS population may be the origin of the signal we observe.
Our observation of spatial autocorrelation in [Fe/H] is a first example of in situ statistical chemical tagging in the halo. Our result suggests that future surveys of the halo stellar population using high-resolution multi-object spectroscopy will identify dynamically ancient groups of stars with similar abundance patterns indicative of formation in a single star forming region. In particular, future surveys with the ability to chemically tag stars in situ more than 15 kpc from the Galactic center should find many prominent chemical substructures with angular scales comparable to 30
• . The observation that the classical smooth halo component ceases to be the dominant component of the stellar population of the halo at about 15 kpc from the Galactic center is consistent with the dual-halo hypothesis advanced in Carollo et al. (2007 Carollo et al. ( , 2010 and Beers et al. (2012) . Though we do not observe a significant metallicity gradient in the smooth halo, our observations do not preclude the existence of a metallicity gradient. Likewise, this result is analogous to the de Jong et al. (2010) observation that the halo density profile falls off rapidly with distance from the Galactic center to a distance of about 15 to 20 kpc. Beyond that distance, they found a substantially lower density, slowly varying halo density profile. Sesar et al. (2011) observed something similar at even larger radius.
CONCLUSION
We find significant spatial coherence in [Fe/H] in the MPMSTO population in the stellar halo of the Milky Way beyond about 15 kpc from the center of the Galaxy. That spatial coherence suggests that the relative contribution of disrupted satellite galaxies to the stellar population of the smooth halo increases with radius, becoming observable in our data relative to the classical kinematically smooth halo at about 15 kpc from the Galactic center. SEGUE-like observations of the Via Lactea 2 halo indicate that spatial autocorrelation in [Fe/H] is a generic feature of stellar halos formed entirely by accretion. We find that this spatial autocorrelation is strongest on angular scales between 20
• , corresponding to a physical scale of about 5 kpc at 15 kpc. Though we find that a significant fraction of the stellar halo of the Milky Way beyond about 15 Galactocentric kpc is likely comprised of the phase-mixed debris of satellite galaxies, the morphology of the halo in the [Fe/H]-[α/Fe] plane inside of 15 kpc is not well matched by phase-mixed tidal debris. Rather, the smooth halo inside of 15 kpc is likely formed through a combination of in situ star formation and dissipative major mergers at high redshift.
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Facility: Sloan APPENDIX
A. DESCRIPTION OF CO-ADDITION ALGORITHM
Using the co-addition technique described in detail in S11, for each subsample we create the "average" MPMSTO spectrum for that subsample by creating a single co-added spectrum from all of the MPMSTO spectra in that subsample. We include in the co-added spectra only those spectra that correspond to MPMSTO stars within the 500 K range in effective temperature T eff that maximizes the S/N noise in the resultant co-added spectrum. We shift each MPMSTO spectrum eligible for inclusion in a co-add to a heliocentric radial velocity v r = 0 km s −1 . We then use natural cubic spline interpolation to interpolate both the spectrum and its inverse variance on to a common grid in wavelength. Next, we numerically integrate the area under the curve defined by the spectrum and normalize both the spectrum (by dividing by the normalization factor) and the inverse variance (by multiplying by the normalization factor squared) to ensure that each spectrum that is to be included in the co-add has the same scale. For each population of interest, we then create an ensemble of realizations of the co-added spectrum by bootstrap resampling from the set of radial-velocity zeroed, interpolated, and normalized spectra that belong to that population. Each spectrum contributes to each wavelength bin in proportion to its inverse variance in that bin relative to the other spectra selected for co-addition. We tested the co-addition process in S11 and obtained good agreement between globular cluster metallicities produced by co-addition and their known metallicities from high-resolution spectroscopy.
We also determine an equivalent ugriz photometric measurement for our co-add spectra by computing a weighted average of the ugriz photometric measurement of the individual stars in each bootstrap co-add, using the mean S/N between 3950Å and 6000Å as the weight.
We Our estimates of the mean metallicity include both random (∼0.01 dex) and systematic error (∼0.1 dex). The distribution for the full sample has a heavy tail to high metallicity that is not present at high Galactic latitude. As a result, the mean of the high Galactic latitude sample is systematically more metal poor by about 0.1 dex. This offset is likely related to the metal-rich low-latitude substructure first identified in Monoceros (e.g., Newberg et al. 2002; Belokurov et al. 2006b; Jurić et al. 2008; Ivezić et al. 2008; Schlaufman et al. 2011 Figure 3 . Density of line-of-sight-averaged metallicity distribution as a function of distance from the Galactic center in the smooth component of the halo kernel smoothed to 0.1 dex. The y-axis scale is the same for each panel, and its numerical range is arbitrary such that the area under each curve integrates to 1. We split our tracer sample in two very roughly in distance at three different split points: 12.1, 14.1 and 16.8 kpc. Each row corresponds to the result for a single split-point. In all cases, the nearby part of the sample is in the left column and the distant part of the sample is in the right column. Table 3 . We observe no significant metallicity gradient in our sample, though there may be a hint of a positive metallicity gradient at large radius. Newberg et al. 2002; Belokurov et al. 2006b; Jurić et al. 2008; Ivezić et al. 2008; Schlaufman et al. 2011) . Right: the equivalent luminosity-weighted average abundance distribution that results from a SEGUE-like observation of halo 10 from . The result is similar for all 11 halos presented in that paper. We discuss the significance of the observed differences between our observations of the Milky Way and of the . We include only those star particles with |z| > 4 kpc that are more than 10 kpc but less than 20 kpc from the center of the halo. Note. -The five columns are: range in distance from the Galactic center, Moran's I statistic indicating the degree of spatial autocorrelation in the data in Table 1 , the expected value of Moran's I statistic under the null hypothesis that there is no spatial autocorrelation, the variance of the expected value under the null hypothesis, and the probability that the null hypothesis applies to the data in Table 1 . 
